Purpose: Hypoalbuminemia and systemic inflammatory response syndrome (SIRS) are reported in critically-ill patients, but their relationship is unclear. We sought to determine the association of admission serum albumin and SIRS with outcomes in patients with intracerebral hemorrhage (ICH). Methods: We used a multicenter, multinational registry of ICH patients to select patients in whom SIRS parameters and serum albumin levels had been determined on admission. Hypoalbuminemia was defined as the lowest standardized quartile of albumin; SIRS according to standard criteria. Primary outcomes were modified Rankin Scale (mRS) at discharge and in-hospital mortality. Regression models were used to assess for the association of hypoalbuminemia and SIRS with discharge mRS and in-hospital mortality. Results: Of 761 ICH patients included in the registry 518 met inclusion criteria; 129 (25%) met SIRS criteria on admission. Hypoalbuminemia was more frequent in patients with SIRS (42% versus 19%; p b 0.001). SIRS was associated with worse outcomes (OR: 4.68, 95%CI, 2.52-8.76) and in-hospital all-cause mortality (OR: 2.18, 95% CI, 1.60-2.97), while hypoalbuminemia was not associated with all-cause mortality.
Introduction
Hypoalbuminemia is common in critical illness but its role in outcomes has not been as well established [1] . It may have multiple causes, including malnutrition, acute and chronic inflammation, infection, renal disease, and is associated with poor overall health and frailty. It is also a recognized prognostic factor in multiple acute life threatening injuries [2] [3] [4] . In acute ischemic stroke, hypoalbuminemia is associated with poor outcome [5] [6] [7] [8] , and is a strong predictor of early death in subarachnoid hemorrhage [9, 10] . Little is known about the significance of serum albumin levels as a prognostic factor in spontaneous intracerebral hemorrhage (ICH) [11] .
ICH induces an acute-phase inflammatory response (APR) [12] . APR is a cytokine-driven process that can determine a host's systemic inflammatory response syndrome (SIRS) . Approximately 20% of patients with ICH develop SIRS with an increased risk of poor functional outcome at discharge [13] . Patients with APR often have a decrease in serum albumin concentration, which is primarily caused by reduced albumin liver synthesis and albumin passage from the vascular into the extravascular space due to enhanced endothelial permeability [3, 14] . Whether low albumin is a marker of a severe systemic inflammatory response or independently associated with outcome in ICH patients is unknown.
The aim of this study was to compare the frequency of hypoalbuminemia in ICH patients with or without SIRS and to test the hypothesis that initial serum albumin is independently associated with poor functional outcome in patients with ICH. The secondary objectives were to examine the relationship between SIRS and albumin levels in ICH patients, and test interaction between SIRS and serum albumin levels in predicting functional outcome at discharge and in-hospital mortality.
Materials & methods

Patient population
The study population consisted of patients registered in the Multi-National survey on Epidemiology, Morbidity and Outcomes in Intracerebral Hemorrhage (MNEMONICH) with data extracted from the registry on December 31, 2015. MNEMONICH (NCT2567162 ClinicalTrials.gov) is an ongoing, international, multicenter, observational, collaborative database of consecutive patients aged ≥ 18 years with spontaneous ICH from participating centers in Europe, South America, and the United States [15, 16] . Details on participating centers, study period, demographic and laboratory data are given in Supplemental Table 1 . In MNEMONICH, spontaneous ICH is defined as acute brain intraparenchymal bleeding confirmed by computed tomography (CT) scan, in the absence of an underlying cause other than small vessel disease. Patients with anticoagulant-associated ICH are also included. Bleeding due to brain tumors, vascular malformations, aneurysms, and trauma are excluded. Registered data included demographics, clinical, laboratory, and neuro-radiological findings collected at the participating centers. Data quality and consistency are regularly monitored by the coordinating center (Rieti, Italy). All ICH patients included in MNEMONICH are managed according to local guidelines, based on either the guidelines of the American Heart Association/American Stroke Association or the European Stroke Organization [17] [18] [19] . Approval by the local Ethics Committee was obtained by each center prior to participation in MNEMONICH.
Inclusion criteria
Consecutive patients with ICH enrolled in MNEMONICH were considered eligible for the current analysis based on the following criteria: (1) spontaneous ICH presenting within 24 h of symptom onset confirmed on CT of sufficient quality for calculation of ICH volume; (2) a blood sample with albumin determination within 24 h after ICH onset; and (3) complete follow-up on December 31, 2015. We excluded patients who had undergone hematoma evacuation during their acute admission due to the potential confounding effect of surgery.
Clinical and radiological variables
Clinical data including age, sex, past medical history, and previous medication use (including oral anticoagulants and antiplatelet medications) were all collected through interviews with patients or their relatives. Prospectively recorded admission variables included Glasgow Coma Scale (GCS), systolic and diastolic blood pressure, blood glucose, ICH score, and time from symptom onset to CT. All definitions and coding are based on the NINDS common data elements (https://www. commondataelements.ninds.nih.gov/Stroke.aspx#tab=Data_ Standards).
At each center, experienced neurologists or neuro-radiologists blinded to clinical data, functional outcome, and albumin results assigned ICH locations for all patients as lobar, deep, brain stem, or cerebellar. Volumetric hematoma measurements were performed according to ABC/2 method by local investigators [20] . To determine interrater reliability of the measurements for all investigators, a random sample of 19 CT scans were also analyzed by a central reader (MDN, Rieti, Italy). Finally, intraventricular extension of hemorrhage (IVH) was determined as categorical variable (present or absent).
Serum albumin determination
At each center, serum albumin levels were analyzed by the local clinical laboratory using different analytical methods (bromocresol purple dye-binding in 3, bromocresol green dye-binding method in 1 center). Because assay methods have a marked effect on the concentration results mainly in hypoalbuminemic patients [21] , albumin values were standardized calculating the Z-score value for each independent cohort, by subtracting the mean and dividing by the standard deviation, and adding 3 units to each value in order to avoid negative results.
Systemic inflammatory response syndrome (SIRS)
In the present analysis, we considered only occurrence of SIRS at admission. SIRS was defined according to standard criteria as 2 or more of the following: (1) temperature of N38°C (100.4°F) or b36°C (96.8°F), (2) heart rate (HR) of N 90 beats per minute, (3) respiratory rate (RR) of N20 breaths per minute or arterial carbon dioxide tension (PaCO 2 ) of b32 mm Hg, and (4) WBC count of N 12,000/μL or b 4000/μL or N10% band forms [22] . All patients were strictly monitored during the first 7 days after admission to identify any clinical sign suggestive of potentially clinical infection to explain SIRS at admission. In the presence of clinical suspicion of infection, culture results were obtained from different sources. The physicians directly in charge of the patient evaluated each positive culture result to determine whether it represented true infection or merely contamination and as a possible cause of SIRS at admission. This decision was based on multiple factors, including the patient's history, physical examination, radiological and microbiological and laboratory findings. The admission SIRS group was divided into those with culture results obtained from any site that were positive for bacterial growth (culture-positive) and those without any evidence of infectious etiology (culture-negative).
Definition of endpoints
The primary outcome was the modified Rankin Scale (mRS) score at final discharge [23] . mRS is a stroke outcome scale with scores ranging from 0 (no symptoms at all) to 6 (dead). A score of 2 or less indicates functional independence. The secondary endpoint for the study was in-hospital all-cause mortality, with censoring at the time of hospital discharge.
Statistical analysis
Data are presented as mean ± standard deviation (SD) for normally distributed continuous variables, median and interquartile range (IQR) for non-normally distributed continuous variables, and as frequencies for categorical variables. Albumin levels were also categorized in quartiles based on standardized albumin levels. Low albumin or hypoalbuminemia was defined as levels below the lowest quartile. Baseline characteristics between patients with and without hypoalbuminemia were compared using independent samples t-test, χ 2 , and Mann-Whiney, or Kruskal-Wallis test as appropriate.
Inter-rater reliability between centers in using ABC/2 method was measured with intra-class correlation coefficients (ICC) with the use of analysis of variance [24] . An intra-class correlation coefficient of 1 demonstrates perfect reliability, and N 0.8 represents excellent reliability. Multifactorial general linear regression models were used to analyze the association between hypoalbuminemia with SIRS and baseline hematoma volume, with standardized albumin concentrations as a dependent variable and included sex, infratentorial hematoma, intraventricular hemorrhage, and SIRS on admission as binary variables. Baseline ICH volume, International Normalization Ratio (INR), and glucose at admission were log-transformed to approximate the normal distribution, and together with age and GCS score were included as continuous variables in the model.
We assessed the association of hypoalbuminemia with outcome using mRS with a multivariable ordinal logistic regression model because mRS is an ordinal categorical variable [25] . We estimated the adjusted common odds ratio (OR) for a shift in the direction of better outcome on the mRS, and reported the results as unadjusted and adjusted OR with 95% confidence intervals (CI). Adjustment was made for pre-specified baseline characteristics known to be associated with worse outcome in ICH, including age, log-transformed ICH volume, log-transformed INR, log-transformed glucose at admission, and GCS as continuous variables, and sex, infratentorial location, intraventricular extension, and SIRS at admission as binary variables. Finally, a multivariable logistic regression was performed to estimate adjusted OR for in-hospital mortality and included formal testing for interaction between albumin and SIRS at admission. Multivariable analysis included variables found to be significantly different (p b 0.05) between albumin groups and with potential to influence mortality outcome as used in primary analysis.
Results
Of the 16 centers participating in MNEMONICH registry on December 31, 2015, 5 centers were able to send patient data to Coordinating Center by June 30, 2016 on time for locking central database: 761 ICH patients were included. In 1 center, albumin concentration was not routinely assessed and all patients (n = 175) were excluded. Of the remaining 586 patients, 518 (88.4%) had serum albumin levels measured on admission. Patients without baseline serum albumin levels (n = 68, 11.6%) were similar to patients with baseline serum albumin determinations except they were significantly older (72 ± 13 vs 68 ± 13; p = 0.047) and less often had arterial hypertension (58% vs 81%; p b 0.001).
Albumin and baseline patient characteristics
The study cohort had a mean age of 68 ± 13 years (range: 25 to 95 years), and 60.4% (n = 313) were men. The median GCS was 13 (IQR: 7-14) and median ICH score was 2 (IQR: 1-3). Median hematoma volume on the first CT scan was 18 mL (IQR: 9-36.5 mL). There was excellent interrater reliability between local and central measurement of ICH volume using the ABC/2 technique (ICC: 0.91, 95%CI: 0.84-0.96). Bromocresol green dye-binding method was mainly used for assaying albumin concentration (69%). There were significant differences in albumin levels between cohorts (Supplemental Fig. S1 ) and albumin values were standardized for data analysis. Median standardized albumin concentration was 3.14 (IQR: 2.3-3.8). Baseline characteristics of the study cohort are presented in Table 1 .
Albumin and SIRS occurrence on admission
SIRS was present in 129 (25%) patients on admission, was significantly associated with hypoalbuminemia (Table 1) , and differed between standardized albumin quartiles. SIRS was present in 42% of patients in the lowest albumin quartile while only in 11% of patients in the highest quartile (p b 0.001, χ 2 for trend; Fig. 1a ). There was an inverse significant relationship between mean standardized albumin concentration and the number of positive SIRS criteria (p b 0.001, KruskalWallis test; Fig. 1b ). In the multifactorial generalized linear regression model, SIRS remained significantly associated with albumin concentration together with female sex, GCS and infratentorial site of hemorrhage (Table 2) . Of 129 patients with SIRS at admission, 99 (78%) had negative culture results during 7 days follow-up, 8 (6%) had positive cultures, and culture data were not available in 22 (17%) patients. Standardized albumin concentrations were not different (p = 0.6) in patients with SIRS at admission and positive culture versus negative culture patients.
Albumin, SIRS, and hematoma volume
Standardized albumin concentration was significantly higher in patients with hematoma volumes lower than 30 mL [3.4 (IQR: 2.6-3. 
Albumin, SIRS and functional outcome at discharge
The median length-of-stay was 8 days (IQR: 5-12). In univariable ordinal regression analysis, standardized hypoalbuminemia was significantly associated with worse outcomes in the overall distribution of mRS scores (common OR: 2.52, 95%CI, 1.73-3.68). After adjustment for age, sex, ICH volume, GCS, infratentorial location, INR at admission, serum glucose, SIRS occurrence at admission, and IVH, standardized hypoalbuminemia was no longer significantly associated with the overall distribution of mRS score at discharge (adjusted common OR: 0.82, 95%CI, 0.52-1.29). The presence of SIRS on admission was significantly associated with worse discharge outcome in the multivariable analysis (adjusted common OR: 4.68, 95%CI, 2.51-8.76; Fig. 2 ). SIRS patients on admission had significantly worse median mRS scores on discharge (6 versus 3, p b 0.001).
Albumin, SIRS and mortality
There were 172 (33%) in-hospital deaths. In-hospital death was significantly more frequent in patients with low albumin, compared to those with normal albumin (52% vs 27%, p b 0.001 log-rank test; HR 2.24, 95%CI, 1.65-3.05). For each unit increase of standardized albumin concentration (equivalent to one standard deviation), there was a reduction of around one-third in the death rate (HR: 0.61, 95%CI, 0.52-0.71). SIRS on admission (adjusted OR: 5.52, 95%CI, 2.29-13.32) but not standardized hypoalbuminemia (adjusted OR: 1.30, 95%CI, 0.50-3.36) independently predicted all-cause in-hospital mortality, after adjustment for multiple risk factors. There was no interaction (p = 0.7) between albumin levels and SIRS occurrence at admission (Table 3) .
Discussion
Our study demonstrates that: (1) ICH patients have frequently low concentration of albumin on admission; (2) almost one fourth of the patients with ICH in our multicenter, cohort study had evidence of SIRS at admission; (3) hypoalbuminemia is associated with the presence and severity of SIRS but not independently with functional outcome at discharge and in-hospital mortality, and (4) albumin represents a biomarker of the acute inflammatory response and its severity after ICH. Comparison of hospital discharge modified Rankin Scale scores between intracerebral hemorrhage patients with and without hypoalbuminemia. The distribution of scores on the modified Rankin scale is shown. Scores range from 0 to 6, with 0 indicating no symptoms, 1 no clinically significant disability, 2 slight disability (patient is able to look after own affairs without assistance but is unable to carry out all previous activities), 3 moderate disability (patient requires some help but is able to walk unassisted), 4 moderately severe disability (patient is unable to attend to bodily needs without assistance and unable to walk unassisted), 5 severe disability (patient requires constant nursing care and attention), and 6 death.
Albumin is a hepatic protein, and its plasma concentration is controlled by several factors, including rate of albumin synthesis, catabolic rate, albumin distribution, and exogenous albumin loss. Synthesis of albumin is affected by nutritional intake, colloid oncotic pressure variations, and the presence of systemic inflammation [26, 27] . When using albumin concentrations as an outcome measure, serum albumin should be compared using a standardized measure. However, a number of different assay methods are used for measuring albumin and these methods give different results [28] . For making our results comparable and generalizable our results, we used standardized concentrations. This allows us to generalize our results in different populations and using different assay methods. In clinical practice, the use of local normal range should be encouraged to take account of different assay methods.
In our cohort median albumin concentration was notably lower (Supplemental Fig. 1 ) when compared with the reference range for normal serum albumin (35-55 g/L) [29] . By these reference values, several patients that would normally be classified with hypoalbuminemia clinically in other medical conditions may be not correctly classified in the presence of ICH. The distribution curve of ICH patients has an IQR of albumin that is generally less than in normal subjects. This observation has important implications and should be taken in account because these lower values could perhaps over evaluate the negative prognostic meaning of hypoalbuminemia in ICH patients. Standardization of albumin values would resolve this problem.
In our ICH cohort, hypoalbuminemia was associated with SIRS. Decreased serum albumin levels were registered in N40% of SIRS-positive patients and are probably due to diminished liver synthesis [14] , besides functional changes in vascular permeability [30] , with enhanced albumin endothelial passage into the interstitial space [14, 30] . In our opinion, the hypoalbuminemia during SIRS probably occurs in a two-stage process. The release of cytokines induced by SIRS (e.g. interleukin-1 and tumor necrosis factor-α) may cause an acute reduction of albumin during the first 24-48 h after the acute event that is independent from preexistent nutritional status and nutritional supplementation [30, 31] . Initially, interleukin-1 causes an increase in endothelial permeability, with transendothelial loss of albumin. This would explain the hypoalbuminemia observed on admission in these patients. The severity of ICH and increased hematoma volume has been correlated with increased permeability of the BBB [32] . Notably, in our cohort the percentage of patients with hypoalbuminemia was 2.5 fold higher in the large volume (N60 mL) group than those in the low volume (b30 mL) group (Table  1) . Subsequently, a decrease in production of albumin occurs because of the known depressive effect of interleukin-1 for the mRNA for albumin [14] . Patients with hypoalbuminemia in our cohort were also more likely to have lower GCS scores, infratentorial hematomas, or additional conditions potentially associated with more severe inflammatory response after ICH [33] .
Furthermore, this study showed that admission SIRS in ICH patients is an independent predictor of poor outcome, including disability and mortality, supporting the theory that inflammatory mechanisms play a detrimental role in progression of ICH-induced brain injury [34] . The inflammatory response that follows ICH involves enzyme activation, mediator release, inflammatory cell migration, glial activation, and brain tissue breakdown [34] . When the inflammatory response becomes uncontrolled, SIRS signals the inability of anti-inflammatory mechanisms to down-regulate a profound state of inflammation. This unrestrained inflammation contributes to secondary brain injury, long after the initial insult. Our results highlight the deleterious impact of SIRS on outcome after ICH. Despite controlling for other known prognostic factors, SIRS remained a strong contributor to poor outcomes at discharge and in-hospital mortality. SIRS, therefore, does not seem to be only a marker of severe hemorrhages, but rather contributes independently to outcomes.
To the best of our knowledge, our study is the first to investigate the relationship between SIRS and serum albumin levels in ICH patients. The strong association between hypoalbuminemia and SIRS suggests they may have common pathophysiologic mechanisms. Hypoalbuminemia is likely to be a component of a complex acute systemic inflammatory reaction and interacting physiological systems that together influence outcomes and survival in patients with ICH. In our study, hypoalbuminemia was not independently associated with mortality or functional outcome when including SIRS in our regression models, suggesting that levels of albumin may simply be a marker of inflammation and not a possible independent therapeutic target in ICH.
In recent years, there have been attempts to study the utility of albumin use in patients with ICH, based on evidence of multiple neuroprotective effects demonstrated in animal models of ICH and ischemic stroke. In rat models of experimental ICH, treatment with albumin improved neurological function and maintained integrity of the bloodbrain barrier without affecting hematoma volume or edema [35] [36] [37] . However, despite the positive results of albumin in ICH animal models, clinical trials in acute ischemic stroke (ALIAS) [38] , and in ICH [Albumin for ICH Intervention (ACHIEVE), NCT00990509] have shown negative or inconclusive results with concerns for an excess of side effects (pulmonary edema and a small excess of hemorrhagic stroke in the albumin group). Additionally, a meta-analysis of 55 randomized controlled trials as well as a Cochrane systematic review concluded that there was no evidence that albumin administration reduces mortality in critically ill patients [39, 40] . These data support our observation that hypoalbuminemia represents a biomarker of SIRS rather than an independent pathologic determinant.
Our study had several limitations. We analyzed data from an existing database and therefore, it is possible that certain preexistent chronic inflammatory conditions or comorbidities and complications (cardiopulmonary, liver disease, etc.) that could have potentially influenced the association with the presence of SIRS criteria or that could have potentially influenced outcomes were not incorporated into the analyses. However, the prevalence of these complications was probably not high enough to substantially influence our results. Furthermore, the association with intrinsic factors of severity such as the GCS and ICH location reinforces a hyper-acute pathophysiological process causing hypoalbuminemia. We only included patients who had serum albumin measured at baseline and only medically treated patients, which reduced our cohort size and could have excluded patients with characteristics that contributed to mortality, but were not integrated in our analyses. Moreover, this could have introduced the potential for selection bias in the final study cohort. Residual measured and unmeasured confounding variables may also explain the observed relationship. Serum albumin sampling was assessed on admission and subsequently, we could not determine if timing of albumin concentration and changes over time played a more powerful role in predicating outcomes. Because albumin is an acute phase reactant, it is possible hypoalbuminemia later in the course of hospitalization is a better predictor of outcome than concentrations within the first 24 h of admission. Further prospective studies with serial measurement of albumin in ICH patients will be required to better understand this. Other serum markers of inflammation, such as cytokines or chemokines, would have helped to further delineate the pathophysiological relationship between albumin inflammation and mortality, but were not available. Finally, we did not analyze ICH etiology and its relationship with hypoalbuminemia.
Conclusion
Hypoalbuminemia is a marker of SIRS in ICH. ICH patients with hypoalbuminemia have a 2-fold increased risk of worse outcome and inhospital death, compared to those without. However, this predictive effect was not evident when the presence of SIRS was taken in account. Serum albumin measurement may serve as a marker for identifying SIRS-positive ICH patients who are at increased risk of poor functional outcome and in-hospital death, but may not be a therapeutic target. Although further investigation into the underlying mechanism of hypoalbuminemia is warranted, administration of albumin appears unlikely to be beneficial and more data are needed before further evaluation in a randomized trial.
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